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Sn-3.5Ag-0.5Cu nanoparticles were synthesized by chemical precipitation
with NaBH4. By using x-ray diffraction and transmission and scanning elec-
tron microscopy, the microstructural characteristics of particle growth were
evaluated. The results indicated that the primary particles after precipitation
were (Ag,Cu)4Sn, with a size of 4.9 nm. (Ag,Cu)4Sn was transformed into
(Ag,Cu)3Sn, when the total amount of Sn contributed from both (Ag,Cu)4Sn
and Sn covering the (Ag,Cu)4Sn overtook that of (Ag,Cu)3Sn. The ﬁnal particle
size of polycrystalline particles was 42.1 nm owing to the depletion of Sn atoms
in the solution. Nucleation and growth mechanisms of Sn-3.5Ag-0.5Cu nano-
particles are also discussed and proposed.
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INTRODUCTION
Flip-chip technology (FCT) provides a number of
advantages in microelectronic packaging.1–5 Two
major bumping processes are used in ﬂip-chip tech-
nology, i.e., stencil printing bumping and electro-
plating solder bumping. The stencil printing
bumping process has more potential, owing to the
fact that it is low cost, maskless, compatible with
SMT processes, and ﬂexible for different solder alloys.
In general, material selection of solder alloys is
critical and plays a key role in joint reliability in
electronic packaging. The near-eutectic Sn-Ag-Cu
system has received increased interest owing to
such advantages as low eutectic temperature, good
solderability, high strength, smaller wetting angle,
and reliability.6–10 Several methods are used to pro-
duce solder alloys, such as gas atomization and
mechanical alloying (MA) techniques for the stencil
printing bumping process. However, these methods
produce solders with relatively large particle
sizes.11–14 To meet the requirements of future elec-
tronic packaging technology, electronic devices con-
tinue to decrease in size, and the size/pitch of solder
bumps should decrease accordingly. As the size of
solder bumps becomes smaller with that of elec-
tronic devices, solders with ﬁner grains or particle
sizes are critical for ﬁne pitch bumping.
Recently, Sn-3.5Ag-0.5Cu nanoparticles for lead-
free bumping applications were successfully synthe-
sized via a chemical reduction method.15 Contents
of Ag and Cu in the solder alloy could be well con-
trolled, and various sizes of primary and secondary
particles were obtained. Nevertheless, the kinetics
of particle growth for either primary or secondary
nanoparticles was not clear, and the nucleation and
growth mechanism of Sn-3.5Ag-0.5Cu nanoparticles
was also not well understood. In this study, the pre-
cipitation behavior of Sn-3.5Ag-0.5Cu nanoparticles
fabricated by a wet chemical method with different
reaction time was investigated. The as-derived Sn-
3.5Ag-0.5Cu nanopowders were further character-
ized by x-ray diffraction (XRD) and by transmission
electron microscopy (TEM) and ﬁeld-emission scan-
ning electron microscopy (FE-SEM). Mechanisms
for nucleation and growth of Sn-3.5Ag-0.5Cu nano-
particles were probed and discussed.
EXPERIMENTAL PROCEDURES
The Sn-3.5Ag-0.5Cu nanoparticles were synthe-
sized by precipitation with sodium borohydride
(NaBH4) in aqueous solutions at room temperature.
15
The total mass of the precipitated powder was ﬁxed
to 5 g. SnSO4 (99%, Riedel-de Hae¨n, Seelze, Germany),
AgNO3 (99.8%, Riedel-de Hae¨n), and Cu(NO3)22.5H2O
(98%, Riedel-de Hae¨n) in stoichiometric amounts were
dissolved in aqueous solution as the metal precursors.
A solution of appropriate metal precursors was rapidly
added to a NaBH4/NaOH solution under rapid stirring.
After these two solutions had been rapidly stirred,(Received March 9, 2006; accepted April 24, 3006)
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black precipitates were revealed at different stirring
times. These black precipitates were washed with dis-
tilled water and ﬁltered until the ﬁltrate pH was the
same as that of the distilled water. The precipitates
were then dried in a vacuum at room temperature.
The nanopowders were characterized with by
XRD (LabX XRD-6000, Shimadzu, Tokyo, Japan)
using a wavelength of Cu Ka (l 5 1.5406 A˚). The
particle size, shape, and morphology of nanopow-
ders were observed and evaluated with a FE-SEM
(JSM-6500F, JEOL, Tokyo, Japan) as well as an
analytical TEM (JEM-2010, JEOL). For instrumen-
tal analysis, the particulate sample was dispersed in
a few milliliters of alcohol in an ultrasonic bath.
Drops of this dispersion were placed on a glass plate
for XRD analysis and on a gold grid coated with a
carbon ﬁlm for TEM analysis. The particulate sam-
ple was pasted on a copper holder with conductive
carbon paint for SEM analysis.
RESULTS AND DISCUSSION
Electron Microscopy Evaluation of
Sn-3.5Ag-0.5Cu Nanoparticles
To observe the variations of the shape and mor-
phology of Sn-3.5Ag-0.5Cu nanopowders with time,
both TEM and SEM were employed. TEM micro-
graphs of the nanoparticles formed during the ini-
tial 30 sec are shown in Fig. 1. During precipitation,
the primary particle appeared to be spherical, and
the average particle size, which was determined
using the line intercept method16 on more than
20 particles, was estimated to be 4.9 6 0.8 nm
(Fig. 1a). The average particle sizes measured after
5 sec, 10 sec, 15 sec, and 30 sec were 5.4 6 0.8 nm,
8.2 6 1.0 nm, 10.0 6 1.8 nm, and 23.1 6 2.3 nm,
respectively. It is evident that the particle size
increased rapidly with time during the initial
30 sec (Fig. 1).
After 60 sec, secondary particles with larger sizes
were formed (Fig. 2a), and the average particle size
was 30.8 nm 6 2.8 nm. A typical TEM image, as
shown in Fig. 2b, clearly reveals that the morphol-
ogy of the isolated secondary particle results from
aggregation of smaller particles. The size of the iso-
lated secondary particle (Fig. 2b) was identical to
that observed in the SEM analysis.
Figure 3 depicts the change of the shape and mor-
phology of nanoparticles derived between 120 sec
and 360 sec. FE-SEM analysis revealed that the
particles exhibited an equiaxial feature. The par-
ticle size increased slowly with time and reached
Fig. 1. Transmission electron micrographs of Sn-3.5Ag-0.5Cu as a function of reaction time: (a) as-precipitated and after (b) 5 sec, (c) 10 sec,
(d) 15 sec, and (e) 30 sec.
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the largest value,;42.16 2.7 nm, after 360 sec. The
variation of particle size as a function of reaction
time is presented in Fig. 4. It appears that there
exist two stages of particle growth during the reac-
tion. The particles size ﬁrst increased rapidly dur-
ing the initial 60 sec and then grew rather slowly
after 60 sec.
Characterization of Sn-3.5Ag-0.5Cu
Nanoparticles with Different Reaction
Time by XRD Analysis
Figure 5 presents the XRD patterns of the nano-
powders during the initial 30 sec. During precipita-
tion, only the Ag4Sn phase was observed in the XRD
Fig. 2. Aggregation of Sn-3.5Ag-0.5Cu particles after 60 sec: (a) FE-SEM image; (b) TEM image.
Fig. 3. FE-SEM images of Sn-3.5Ag-0.5Cu after (a) 120 sec, (b) 180 sec, (c) 240 sec, (d) 300 sec, and (e) 360 sec.
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patterns (Fig. 5a). The XRD patterns of the nano-
particles after 5 sec (Fig. 5b) revealed that the
Ag4Sn phase had vanished and was replaced by
Sn and Ag3Sn phases. It was suggested that the
Ag4Sn phase was dominant initially and that Ag4Sn
was then transformed into the Ag3Sn phase with
time. Note that the difference of the relative inten-
sity between Sn and the Ag3Sn phase increased
with time, as indicated in Fig. 5b–e, implying
that there existed a variation of relative amounts
of Sn and Ag3Sn in the system with respect to the
reaction time.
Nucleation and Growth Mechanism of
Sn-3.5Ag-0.5Cu Nanoparticles
In general, the formation of metal atoms after
mixing two solutions under rapid stirring is caused
by the transfer of electrons from the reducing agent
(NaBH4) to the metallic ions.
17,18 In this study, the
stoichiometric reaction between sodium borohyr-
dride and metal precursors in the alkaline solution
could be formulated as follows for Ag, Cu, and Sn,
respectively:
BH4 1 8OH
1 8Ag1 ! BðOHÞ4 1 4H2O1 8Ag (1)
BH4 1 8OH
1 4Cu21 ! BðOHÞ4 1 4H2O1 4Cu (2)
BH4 1 8OH
1 4Sn21 ! BðOHÞ4 1 4H2O1 4Sn (3)
The transferring behavior of electrons from the
reducing agent to metal precursors mainly depends
on the difference of the standard redox potential of
the three species.19 Because the redox potential values
of Ag and Cu are similar and relatively larger than
that of Sn, the Ag and Cu atoms co-precipitated
before the Sn atoms precipitated. Hence, Ag and
Cu atoms were nucleated initially as the core, and
then Sn atoms covered the core. As the Ag-Cu nuclei
formed in the solution, they underwent rapid dif-
fusional growth at the expense of the remaining
Sn atoms in solution and formed nanosized primary
particles, which were identiﬁed as Ag4Sn phase
(Fig. 5a).
Presumably because the particle size of Sn atoms
was smaller than the x-ray coherence length, no Sn
phase is observed in Fig. 5a. From the view point of
crystallography, the crystal structure of Cu is face-
centered cubic (fcc), identical to that of Ag. In addi-
tion, the atomic radius of Cu is 11% smaller than
that of Ag. The difference in atomic radii between
Cu and Ag is less than the limit proposed by the
Hume-Rothery rule, which indicates that an exten-
sive solid solubility of one metal in another only
occurs if the radii of the metals differ by ,15%.20
As a result, Ag in Ag4Sn could be substituted by Cu.
In other words, Ag4Sn identiﬁed in XRD analysis
could be considered to be (Ag,Cu)4Sn, which is
formed according to Eq. 4.
ðAg,CuÞ1Sn! ðAg,CuÞ4Sn1SnðunreactedÞ (4)
As more Sn atoms were generated in the solution,
more Sn atoms covered the (Ag,Cu)4Sn primary par-
ticles to form larger particles. In the mean time, the
total amount of Sn contributed from both the
(Ag,Cu)4Sn and the Sn covering it increased until
it was the same as that of (Ag,Cu)3Sn. When the
Sn content exceeded the maximum amount in the
(Ag,Cu)4Sn particles, (Ag,Cu)4Sn was transformed
into (Ag,Cu)3Sn on the basis of the phase equilibrium
in the Ag-Sn system.21 The Ag3Sn spectra shown in
Fig. 4. Particle size of Sn-3.5Ag-0.5Cu as a function of reaction time.
Fig. 5. XRD patterns of Sn-3.5Ag-0.5Cu after various reaction times:
(a) as-precipitated and after (b) 5 sec, (c) 10 sec, (d) 15 sec, and (e)
30 sec.
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Fig. 5 revealed the existence of (Ag,Cu)3Sn, which
could be formed as follows:
ðAg,CuÞ4Sn1Sn! ðAg,CuÞ3Sn1SnðunreactedÞ (5)
As Sn atoms agglomerated continuously on the
(Ag,Cu)3Sn particles, crystalline Sn was observed
in the XRD patterns, and larger-sized polycrystal-
line particles were formed. With the polycrystalline
particles coarsening, the difference in relative
intensities between the Sn and Ag3Sn lines in the
XRD patterns should increase with time. This is in
good agreement with the XRD results described
above, as shown in Fig. 5b–e. However, as the
amount of Sn in the solution was reduced, the coars-
ening rate of the polycrystalline particles tended to
decrease. When the amount of Sn atoms in the sol-
ution was exhausted, the ﬁnal size of polycrystalline
particles maintained a value of 42.1 nm. Hence, two
kinds of growth rates in Sn-3.5Ag-0.5Cu nanopar-
ticles were revealed, as indicated in Fig. 4.
According to the XRD, TEM, and SEM results
discussed above, a schematic diagram showing the
nucleation and growth mechanism of Sn-3.5Ag-
0.5Cu nanoparticles is proposed (Fig. 6.):
• Stage I: Ag-Cu nuclei were generated initially
as cores, and Sn atoms then covered the core.
The particles then underwent rapid diffusional
growth at the expense of the remaining Sn
atoms in solution, forming nanosized primary
particles, which were identiﬁed as (Ag,Cu)4Sn
phase (Fig. 6a).
• Stage II: As more Sn atoms were deposited onto
the primary (Ag,Cu)4Sn particles and formed
larger particles, the Sn content could exceed
the maximum amount in the (Ag,Cu)4Sn par-
ticles. As a result, (Ag,Cu)4Sn was transformed
into (Ag,Cu)3Sn (Fig. 6b).
• Stage III: As Sn atoms agglomerated continu-
ously on the (Ag,Cu)3Sn particles, polycrystal-
line particles with larger sizes were formed
(Fig. 6c). As Sn in the solution was depleted to
form the polycrystalline particles, the ﬁnal size
of polycrystalline particles attained a value of
42.1 nm after 360 sec.
In summary, the nucleation and growth mecha-
nisms of Sn-3.5Ag-0.5Cu nanoparticles were revea-
led in this study. In addition, the kinetics of particle
growth in either primary or secondary nanoparticles
was also probed. As the size of solder bumps is
reduced with that of electronic devices in the micro-
electronic package, precisely controlling composition
and size of solders becomes critical.22–24 Hence,
understanding the mechanisms for nucleation and
growth of Sn-3.5Ag-0.5Cu nanoparticles is essential
for development of new types of solder alloys that
have speciﬁc compositions and for formation of vari-
ous particle sizes in lead-free nanopowders by chem-
ical reduction for use in microelectronic packages.
CONCLUSIONS
Sn-3.5Ag-0.5Cu nanoparticles were synthesized
by a chemical reduction method. Variations of mor-
phology and phase distribution for the as-derived
particles with increasing reaction time were inves-
tigated. Owing to the difference of the redox poten-
tial values of metal precursors, the primary
particles ;4.9 nm in diameter were observed, and
the major phase was (Ag,Cu)4Sn after precipitation.
When the total amount of both Sn in (Ag,Cu)4Sn
and Sn on the (Ag,Cu)4Sn surface was raised to that
of (Ag,Cu)3Sn, (Ag,Cu)4Sn was transformed into
(Ag,Cu)3Sn. A ﬁnal polycrystalline particles size
of ;42.1 nm was obtained when the Sn atoms in
the solution were exhausted. With combined XRD,
TEM, and FE-SEM results, an evolving nucleation
and growth mechanism in Sn-3.5Ag-0.5Cu nanopar-
ticles is proposed.
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